Methods for stereolithographic printing of novel geometries and materials were investigated using 198 Au doped commercially available resins. Test coupons were printed to find the specific activity and homogeneity of radionuclides throughout the medium. Initial trials of the technology were used to print pellets with 198 Au specific activities with an average of 2.74 × 10 2 ± 2.9% Bq g −1 to 6.7 × 10 −1 ± 11.6% Bq g −1 . Mixing qualities varied from 0.99 to 0.91. Geometric shapes were printed to probe the source-geometry sensitivity of the gamma detection apparatus. This manuscript serves as proof of concept for the technique.
Introduction
Stereolithographic printing is a rapid prototyping technology first pioneered in the late 1970s and early 1980s [1, 2] . Where once these machines required great volumes of resin they now have shrunk down to a more accommodating size for experimentation. Massive leaps in computing power and a lapse in patents [2] have paved the way for desktop sized machines capable of crafting small yet complex objects of cured resin in a matter of hours. One of the benefits of this move in stereolithography is the active working volumes of these printers are such that multiple batches may be mixed and tested for efficacy without generating large volumes of waste mixture. Various groups around the world are currently working to find new and novel ways to include this blooming technology into nuclear and radiological engineering. A particularly active branch of this research is focused on adapting Additive Manufacturing (AM) techniques to the manufacture of phantoms for radiotherapy and dosimetry studies.
The researchers at The Georgia Institute of Technology have recognized the value and dangers of doping nuclear materials with AM. There is the potential that AM of nuclear materials could be used in the fabrication of explosive devices. AM technology allows the printing of complex parts with a single machine. Unlike subtractive technologies like milling AM can more carefully meter its use of scarce resources, like 235 U. To better understand the physics and requirements of this bourgeoning field Georgia Tech has taken steps to create AM manufactured sources for nuclear forensics.
Worked performed at the University of Notre Dame have used bismuth infused Acrylonitrile butadiene styrene (ABS) plastic to emulate the radiopacity of bone tissue in a 3D printed phantom [3] . Efforts from Melbourne, Australia have focused on characterizing the imagery from CT scans of phantom skulls using AM technology [4] . Researchers in Malaysia have already used a variety of plastics to print hollow phantoms of pediatric thyroid glands and filled them with radiopharmaceutical isotopes to simulate biological uptake under a CT imager [5] . The work that follows serves to act as a proof of concept for the yet unexplored concept of mixing radiological materials directly into a photoreactive resin and printing sources with variable properties and geometries.
Custom printed designs with varying compositions and quantities of radionuclides have the potential to open up new avenues of study for radiological engineering. Resins doped with radioactive materials could improve capabilities in existing calibration methods and has the potential to create all new ones. For example, an object of complex geometry and unknown radionuclide content might be inspected using a high purity germanium detector. CAD software or a scanning tool may be used to replicate the object digitally as an.STL file in a computer. A replica of the object may then be printed using a homogeneous resin with a known specific activity. The replica could contain a single radionuclide or a combination of several. This replica would then be tested in the germanium detector to provide a result with geometry closely matching that of the original sample. A physical model may be used to supplement or replace Monte Carlo computational models as needed. In laboratories without high powered computing resources, computational modeling can take days to complete and may suffer from high levels of uncertainty [6] . Because these models are physical objects, they possess greater detail than simulations. Before the advent of desktop stereolithography this kind of reference material would be costly and impractical to exercise as traditional industrial systems require tens to hundreds of liters of resin. Now, small custom doped batches of resin may be mixed to suit unique applications while minimizing waste.
The purpose of this study was to investigate the feasibility of mixing radioactive dopants into a liquid resin in order to print test pieces which could be used for geometric sensitivity calibrations of High Purity Germanium (HPGe) detectors. Before such measurements could be made, the distribution of radionuclides in any given print must first be quantified. One of the assumptions made during the probes into the detector's geometric sensitives was that, within a degree of uncertainty, the prints have a homogenous distribution of radionuclides. The first half of the study contends with building a simple model to gauge the degree of mixing in a particular batch of radioactive resin while the second half compares the geometric efficiencies of various shapes printed using this manufacturing method.
Theory

Stereolithography
In the polymerization process the resin undergoes three stages: initiation, propagation, and termination [7] . Initiation begins when a photoinitiator is converted into a free radical by the absorption of a 405 nm photon. The free radical then bonds to either a monomer or oligomer, radicalizing it. This creates a new macroradical which then propagates by radicalization and accumulating further monomers and oligomers. Additional links are created until the chain is terminated. Termination occurs namely in recombination, when the macroradical encounters another macroradical or a free radical and closes the link. It can also terminate in occlusion when the radicalized polymer chains are trapped by the closed chains around them [7] . As the ultraviolet laser sweeps across the resin it polymerizes the surface layer to its curing depth C d . This depth is a function of the power of the laser P L , the translation velocity V S , the beam radius W o , the energy required to initiate the polymerization E C , and the penetration depth D p [7] . The process can be visualized in Fig. 1 . The matrix containing the radionuclides becomes trapped in the resin during this process. 198 Au and 140 La were chosen as the radionuclides for the dopants. They were chosen for several reasons. The first of which was that each of their half-lives were under 80 h. 198 Au has a half-life of 60.8 h and 140 La has a half-life of 40. 3 h [8] . This prevented the laboratory from long lived waste concerns. Secondly, gold and lanthanum each only have a single stable isotope. The activation products are generally simpler to analyze when they are predominately from a single isotope. Lastly, they were chosen for their respectably high branching ratios with gamma emissions. 198 Au decays with a 95.6% chance of releasing a 411.8 keV photon and 140 La decays with a 95.4% chance of releasing a 1569.2 keV photon [8] . 86 Rb, 88 Y, and 142 Pr were all considered for alternative dopants but not used in this work.
Three different kinds of prints are under study. The first of which are the test prints. These are simple cylindrical pellets with chamfered edges that are designed to have the same mass and geometric shape. The second group are all designed to have 5 cm 3 of volume and share the same mass, but to distribute that mass over different shapes. The last category is complex shapes meant to provide proof of concept for more useful tools. Of particular note is the radioactive phantom heart printed from Formlabs elastic resin. Its pliable nature allows it to be compressed and move as if made from flesh. 
Activity calculations
The activity in the prints were calculated from manufacturer prescribed formulas [9] with a correction for the counting time on the detector [10] . Equation (1) below expresses the activity found in a sample based on the number of counts in a net peak area N, the decay constant of 198 Au , gamma branching ratio I, time since reference date t, detector peak efficiency at 411.8 keV , and the counting time t c .
Calculating the activity in this manner allows all prints from the same batch to be compared against the vendor provided total activity and measurement reference date of the dopants. The decay constant and branching ratios are considered constant values and are referenced from the NuDat database [8] . N is found from the MCA software used with the detector. The peak efficiency of the detector must be interpreted from a calibration source, Eq. (2) to find the efficiencies at the calibration peaks, and Eq. (3) for creation of an interpolation along a fitting curve [9, 11] . I E and N E are the branching ratios and net areas for the calibration peaks and energy E.
Here, C n is the series of coefficients determined from the photopeak data and E is the unitless energy peak in keV increments. To find the specific activity of a batch, an HPGe detector will be used to find the activity in each test coupon and a digital balance to find the mass. From this data a statistical mean and standard deviation between the coupons may be found for both the activity and mass for each batch. As shown in Eq. (4), the specific activity of the batch then becomes the mean activity of the coupons divided by the mean mass.
Homogeneity calculations
A statistical approach can be used to quantify homogeneity in the mixtures. This approach was originally used to describe discrete particle mixing [12] but will be adapted here for use in colloids and emulsions. A mixing number is defined as a value between zero and unity to describe the state of randomness in a mixture. Assuming complete uniformity, the activity in a random sample of resin can be defined as the matrix
activity A times the ratio of the sample mass m s over the resin mass m r plus matrix mass m x . This normalized value is given in Eq. (5) . Another important concept is that of the total or ideal mass fraction in Eq. (6) . Unfortunately, the physics of mixture homogeneity in a semi-miscible Au/HCl or gold powder matrix in resin is more complicated.
In a colloid or emulsion, that activity is quantized in the form of droplets or granules of matrix mass and does not represent a continuum. The amount of activity in a sample rather then becomes a function of the number of particles occluded in the resin during the curing of the build. By assuming these particles are distinct from the continuous medium and represent a very small percentage of the mixture mass the variance in the matrix mass of individual samples may be modelled by the Gaussian distribution. One limitation however must be that the dimensions of the sample are much larger than those of the particulates. Here, p represents the probability of finding x number of droplets or granules in the sample and x presents the mean number of particles that are expected in the sample assuming complete uniformity, which is calculated from Eq. (7) and the particle volume [11] .
Consequently, this is helpful because the variances of the activity S 2 are additive. Once the standard deviation of the specific activity is calculated, assertions can be made about its accuracy [13] . If the density and radionuclide concentration of the matrix is assumed homogeneous then the sample mass fraction s can be expressed with Eqs. (8) and (9) . The constant k is the total initial activity of the matrix divided by its mass. To remain consistent, the matrices measured by volume in the experimental section are converted into mass by the matrix density.
The matrix 198 Au activity A is a value quoted from The University of Texas Austin or calculated from HPGe gamma
, gold powder spectrometry and Eq. (1). The variance of the sample from the expected value can then be expressed as shown in Eq. (10) [11] .
From here two more variances need be identified in order to form the mixing number [12] . First of which is the variance found in a completely unstirred mixture S o 2 , and the second for the localized homogeneity inside each sample S r 2 . Equation (11) shows the calculation for an unmixed resin based on mass fraction [12] .
The localized variance S r 2 is defined as the unmixed mass fraction S o 2 over the number of particles in sample. In a continuous mixture, the localized variance tends towards zero in very large sample masses as the matrix mass is very small in comparison. In truth, such variances exist but are difficult to determine using gamma spectrometry alone. Equation (12) provides a ratio of the differences in these variances [12] .
M represents the characteristic mixing number. This value is zero when S o = S and tends towards 1 as S goes to zero. Because S r goes to zero for continuous media the mixing number is better represented in Eq. (13) [14] .
Geometric efficiency
The peak efficiency of the detector may further be categorized as the product of two factors, the intrinsic efficiency and the geometric efficiency, not including small losses from imperfections [11, 15] . The intrinsic efficiency is determined by properties of the detector itself such as the materials it is composed from, the germanium dead layer, or the energies of the quanta it is registering. Geometric efficiency results more from the shape of the source and its distance from the detector window. In Eq. (14) , Ω 4 is the geometric efficiency. Omega is a value between 0 and 4π that represents the solid angle subtended by the detector surface [11] .
A disk subtended by the solid angle of a point source may be calculated analytically with simple geometry. However, once the source is presumed to have a volume the analytical (10)
calculations for this solid angle become much more complex. Such analytical treatise has been performed for points on a disk [16] and a cylinder [17] . To calculate an approximation of the geometric efficiency in the geometric builds it will be necessary to find the intrinsic efficiency of the HPGe at 411.8 keV. For this, Eq. (15) below was used from Guest's work [17] . The multi-gamma standard container was measured by calipers to be 15 mm in length with a 13 mm diameter. The value ρ is the radius normalized distance from the cylinder to the detector surface and was provided by the manufacturer's technical datasheet. H is the radius normalized length of the container.
From this evaluation the solid angle used in finding the photopeak efficiency was 0.736 steradians. The geometric efficiency of the calibration source would then be 0.0586. From experimental data the geometric efficiencies unique to each geometric shape can be deduced from Eq. (14) . Intrinsic efficiencies for pure HPGe's crystals are generally expected to be between 82 and 85% [14] at energies below 600 keV. During calibrations with multi-gamma source the peak efficiency was found to be nearly identical to the geometric efficiency. The geometric efficiency of the printed geometric shape can be derived from Eqs. (2) and (14) by comparing measured activity A to the expected activity A o based on the geometric efficiency of the calibration source and the specific activity of the cured resin. Equation (16) below is calculated from the measured activity of the individual geometric prints and the expected activity of the print based on the specific activity of the resin.
Experimental
Printer hardware
A Cole-Palmer EW-50006-03 compact digital mixer was used to combine the radionuclides with the resins. The machine can mix up to 2 L of water with a maximum speed of 2500 rpm at a maximum torque of 1022.51 g cm. The mixer was fitted with a 30.2 mm impeller. The Form 2 Printer from Formlabs came equipped with a resin tray, wiper blade, and build platform. The printer contained a suite of sensors to detect the position of the tray and the build platform. These sensors allowed coordination of the
tray, build platform, and a series of rotating mirrors to guide the UV laser in the curing process. The laser had a spot width of 140 μm and could cure layers with a resolution between 25 and 300 μm. A Form Wash was used to cleanse the builds after printing. It used a 90% pure isopropyl alcohol (IPA) filled basin with a magnetic impeller fixed at the bottom to agitate the basin. A Form Cure served as a final treatment for build parts. It bathes the green, uncured builds in 405 nm UV light to bring the parts to full strength (Fig. 2 ).
Measurement equipment
Wheaton Socorex Calibra 85340 and 851345 digital pipettors were used to aliquot radiological solutions into the resin. These instruments could dispense between 0.2 and 2 mL in 0.01 mL increments for the 851340 unit or 1 mL to 10 mL of liquid in 0.1 mL increments for the 851345 unit. Both pipettors had a prescribed 1.5% uncertainty in the volume dispensed. A model ME204TE/00 Mettler Toledo mass balance was used to weigh finished prints after the curing stage. The instrument provided accurate measurements with a readability of 0.1 mg. A coaxial Canberra BE3825 HPGe was used with a model 2002CSL preamplifer to perform a gamma spectrographic analysis of all finished builds. The detector had quoted resolutions of less than 2.1 keV at 1.33 MeV and less than 0.75 keV at 122 keV.
Radiological equipment
A Starfire nGen-800 DD generator was used to activate specimens of lanthanum and gold for use as dopants for the resins. The machine produced 2.5 MeV neutrons at a quoted average fluence of 5 × 10 9 neutrons s −1 under continuous operation. An Eckert and Zigler certified gamma standard was used to calibrate the HPGe. This standard was produced from E&Z source number 108401A, traced to NIST standards in compliance with ANSI N42.22-1995.
Radionuclides
The 198 Au radionuclides used in the experiments were activated from either Inorganic Ventures MSAU-10PPM or Alfa Aeser gold micro powder. The Au/HCl solution was composed of 10 ppm gold by mass in a 10% v/v HCl matrix and is standard traceable to NIST. Inorganic Ventures credits this solution with meeting ISO 17025 and 17034 certifications. Three samples were activated in the General Atomics Mark II TRIGA reactor at the University of Texas Austin. Batch A was a 0.9 mL sample activated at 08:30 on October 16, 2018 with a quoted activity of 164 kBq. Batch B was similarly a 0.75 mL sample activated on January 8, 08:30 with a quoted activity of 76.7 kBq. Batch D was a 0.6 mL sample of Au/ HCl quoted 44.0 kBq at 08:30 on May 29, 2019. Batch E consisted of 0.3118 g of spherical gold powder with an average diameter of 1.5 μm from Alfa Aeser, LOT# Z13B025 that was activated using the nGen-800 DD neutron generator at Georgia Tech. The radionuclides were double encapsulated in sealed, 1 mL shatter-proof vials for transport. Batch E and F consisted of 1000 ppm gold concentration dissolved in 10% HCl and 1000 ppm by mass concentration lanthanum dissolved in 2% v/v HCl respectively. Like Batch C, these were produced using a DD neutron activation but resulted in activity below 1 Bq for the total matrix and were not used in printing builds.
Photosensitive resins
Formlabs provides customers with several commercially available resins to be used with their printers. Standard Formlabs resin come in a variety types. The resins were a mixture of methacrylated polymers, methacrylated oligomers, and photoinitiators. To date, Formlabs keeps the exact compounds and ratios proprietary. Two standard resins were used, clear and pigmented. Both of which bear the same physical properties [18] . Pigmented resins have the benefit Fig. 2 The Form 2 stereolithographic printer is pictured on the left. In the center is the Form Wash. The Form Cure is pictured on the right of high visibility. In the printing environment, spills and contamination are easier to detect than clear resins. Clear resins on the other hand possess optical properties that may be advantageous in some applications. The density of the standard resin was quoted by the manufacturer as 1.08 to 1.09 g cm −3 with a viscosity of 8.50 to 9.00 g cm −1 s −1 . For calculation purposes, these values were written as 1.085 ± 0.5% g cm −3 and 8.75 ± 2.8% g cm −1 s −1 respectively. The second kind of polymer used in this work was Formlabs elastic resin. The elastic resin was ductile and plastic. It was translucent in nature and resembles silicon in its mechanical properties. Sources printed with this material can stretch, fold, and compress in response to mechanical forces.
Batch A preparation
Batch A was the first radioactive batch of resin. The test coupons printed from Batch A were considerably smaller than following batches. 0.4 mL of 198 Au/HCl solution A was aliquoted by digital pipette into a graduated mixing beaker containing approximately 20 mL clear standard resin. A wooden stirring rod was used to fold together the matrix and resin. An additional 180 mL of resin was added, and the mixture was stirred mechanically at 600 rpm for 8 min. An additional 0.5 mL of Au/HCl solution A was pipetted into 0.75 mL of water. This diluted solution was poured directly into a beaker containing 200 mL of clear standard resin. This mixture was stirred mechanically at 600 rpm for 6 min. Both mixtures were stirred together.
Batch B preparation
Following manufacturer's directions, 100 mL of pigment was mixed into a Formlabs color base reservoir cartridge of standard resin. The entire 0.75 mL sample of Au/HCl solution B was added by dropper into the reservoir. The reservoir was then resealed and shaken vigorously by hand for 4 min.
Batch C preparation
Gold powder was double encapsulated inside a target for the DD neutron generator. This target was placed inside a custom arranged reaction chamber with the head of the nGen-800 neutron generator, see Fig. 3 . The target was irradiated for 12 h. Immediately after irradiation, the target was removed from the chamber and counted on the HPGe for 10 min to establish the activity. Following manufacturer's directions, 100 mL of pigment was mixed into 800 mL of Formlabs color base standard resin. The powder was mixed into approximately 420 mL of the colored resin and mechanically stirred at 1000 rpm for a minimum of 3 min.
Batch D preparation
From 198 Au/HCl solution D, 0.4 mL was aliquoted into the UV opaque container with the approximately 450 mL of colored resin. The remaining 0.1 mL was aliquoted into a similar preparation of elastic resin in a separate UV opaque container with 450 mL of elastic resin. Each mixture was mechanically stirred for a minimum of 3 min at 1000 rpm.
Printing
Stereolithography, STL, files for printing were either downloaded from open sources off the internet [19] or drafted using SOLIDWORKS ® software. The files were uploaded into a Formlabs program called Preform to modify the STL files in such a way to prepare them for printing. Printing time ranged from 3 to 10 h depending on the complexity and volume of the build.
Post-printing
The builds were washed in > 90% pure isopropyl alcohol for 30 min using the Form Wash and then were allowed to air dry under a fume hood. All scaffolding was removed from the build using shearing implements and tweezers. The builds were placed into the Form Cure and treated at 60 °C for 60 min for standard resin or at 60 °C for 30 min for elastic resins. After the builds had cured, they were swabbed with cotton pads which were sent to be tested on The photo on the right shows the samples on a lead brick at the nose of the generator a background counter for contaminated residue. Builds not in use were kept in a dark, dry environment set aside for radioactive sources.
Counting
Standard procedures were followed to prepare the HPGe for counting. A plastic cap was inserted between the graphene screen and sample to provide a measure of protection to the detector window. Examples of the radioactive prints may be seen in Fig. 4 below. Once counting was complete, the spectrum was saved for later use and the next build was placed on the HPGe. ROIs were selected based on the area of the photopeak that resulted in a gaussian ratio closest to unity. The geometric efficiency tests were conducted by orientating the prints axial with the detector.
Mass measurements
A cotton pad was placed on the stainless-steel balance dish to serve as a barrier to prevent contamination of the dish with possible residue from the prints. Separate cotton pads were not used as this would have required a constant resetting of the tare weight and introduce additional error into the system. Therefore, a single cotton pad was used for all mass measurements to minimize uncertainty.
Results and discussion
Results Table 1 below collects the various properties of the batches into an easy reference for later results. The conversion constant k for each matrix was calculated using Eq. (9) . A theoretical activity for each batch was calculated from Eq. (4). The reference dates for each batch are included for Eqs. (1) and (6) was used to calculate ideal mass fraction.
Five test coupons were created from Batch A, B, and C. Ten coupons were created from Batch D. The activity in the test coupons of Batch D were high enough that only 30 min were needed to collect a net counting area with less than 2% error. Because of this, twice as many testing coupons were made and counted in the same time as the previous batches. The mean mass for the testing coupons in a batch was used to calculate the specific activity in each print. Figure 5 below demonstrates the results. The graph sorts the testing samples in each batch from lowest specific activity to greatest on the vertical axis. The specific activities of Batch B showed a The values for Batch C were substantially smaller than that of the other batches. Confidence intervals were added in the form of error bars. These intervals were created using the experimentally obtained standard deviation from each batch. Table 2 collates all mean variables for the specific activities in the batches. It is of particular note that while the mixing numbers indicated that the batches achieve greater than 90% mixing condition the standard deviations in some of the batches are over 10%. Additionally, the calculated specific activities in the testing coupons were lower than expected based on the theoretical values from Table 1 . The uncertainty in the mixing number was found using error propagations for the constituent variables.
Once the homogeneity of the testing coupons was established, predictions were made for the activities of the geometric builds. Table 3 below indicates the expected activities from each geometric build based on their measured masses. Figure 6 shows a graph of geometric efficiencies calculated for each geometric build. The geometric efficiency calculated from the calibration source was added to the graph as a reference. In the case of the Cone geometry both Batches B and D shared similar values. The Cube and Cylinder geometries grouped Batches C and D closer to each other than Batch B. In the Prism and Sphere geometries Batches B and C were grouped together but Batch D departed significantly from those values. The Torus geometry showed no grouping of the efficiencies.
In Fig. 7 the deviation in measured activity from the expected values in Table 3 were divided by the standard deviation for activity found in the homogeneity coupons of their respective batches. This comparison gave some indication regarding which deviations could have come from sources other than the inhomogeneity of the batch and which were too small to distinguish. While this doesn't mean the deviations were exclusively a result of the geometric efficiency, it does mean that deviations in the geometric builds using Batch D were beyond that which could be statistically described by inhomogeneity alone. Because of the marked Table 3 Expected activities of the geometric builds. These expected activities were calculated using the average specific activities from uniformity of specific activity in Batch D it was determined to be a stronger indicator of accuracy in geometric efficiencies compared to other batches in Fig. 6 .
Discussion
The homogeneity testing revealed that, with the notable exception of Batch B, a smaller portion of the radioactive matrix was found in the testing prints than what one might otherwise expect from a perfectly uniform and blended mixture. The test coupons showed a strong degree of uniformity between themselves which suggests the mechanism responsible is likely. The theoretical specific activity was based on the distribution of the radionuclides in the resin before the ultraviolet curing process. The process of polymerization occludes the matrix phase to form radioactive prints but to what degree is still unknown. While curing, the resin undergoes a condition known as shrinkage [7] where the density of the resin changes as the polymerization proceeds.
It isn't yet known how the radioactive matrix responds as the density changes. It has been speculated that the lower than expected specific activity found in the homogeneous testing coupons was a result of the matrix secreting out of the hardening resin while curing. As the polymer chains form a portion of the droplets or granules would be expelled from the print rather than captured and occluded. Unfortunately, the specific activity of the liquid resin before and after printing was not included in the analysis. Such data would have provided more information to suggest a plausible scenario and will have to come from a future study. The geometric efficiency testing showed that while some of the batches demonstrated grouping, they did not do so with consistency. A comparison of the deviations from the expected and measured activities showed that except for Batch D the inhomogeneity in the batches could not be ruled out as an overshadowing factor. The torus geometry proved particularly troubling as it showed no grouping between any of the batches and it was the one shape where the homogeneity of Batch D was insufficient to dismiss as a factor. If this technique is to be used to inspect detectors for geometric sensitivities, then producing resins with a high degree of radiological homogeneity will be vital.
Gold dissolved in HCl makes for a simple additive but lacks sophisticated properties and has some problematic draw backs. Mixing HCl into the resin appeared to have the effect of warping the elastic resin screen used to cushion the build against the curing window. The effect is not immediate and takes a matter of weeks to damage the screen to the point that distortions occur in the printing process. The screen is required for proper printing as it prevents the builds from fusing directly to window. Further damage was inflicted to the tray itself, likely from the presence of HCl. The damage appeared to grow more visible with prolonged contact with the doped resin. IPA causes damage to the tray and screen much in the same way as HCl. No damage had accumulated on the tray used in Batch C. This is likely due to the inert nature of the gold powder. The damage can be observed in Fig. 8 .
In Batch A, the homogeneity test coupons were printed such that the final volume was 0.2 mL. This created a problem where the activity of the printed sources was so low that 6 h or more was needed to collect enough photon interactions for a statistically precise result. The choice was made instead to make the coupons of the following batches larger to encapsulate more radionuclides. This however had the added effect of reducing the resolution of the homogeneity. The test coupons were treated as if they were locally homogenous when in fact they were not. A larger sample size would mean that a larger series of counts would need to be conducted on the HPGe. A more accurate treatment of this method might include a resin with higher activity such that it can still produce enough disintegrations in a small Fig. 7 The deviation between the measured and expected activities were divided into units of standard deviation of homogeneity of each batch. The benchmark lines denote the ± 3σ range. Results inside this range do not deviate significantly to validate geometric efficiency volume that they might be measured quickly. Alternatively, the radioisotope should have a longer half-life with similar activity to allow time for a larger set of test coupons to be measured before the isotopes decay away. This combination of finer volumes and greater number of prints would provide better resolution of the homogeneity in the batch. Printing a set of testing coupons with graduated masses would allow a trendline to be drawn to create a linear relationship between the mass of the doped resin and the activity [20] . While 198 Au possesses helpful properties for safe usage, its half-life is too short to accommodate long counting times and large batch sizes. Likewise, a longer-lived radioisotope will be needed to examine the homogeneity of the batch over long periods of time. Over time sedimentation and other disruptive forces leech the droplets from the body of the resin or cause smaller droplets to fuse into larger ones [21] . To observe such phenomena a longer-lived radioisotope must be used. An emulsifier or surfactant might be used to encourage and stabilize homogenization. The gold powder appeared to be a more stable option. The powder itself has little or no effect on the condition of the plastic containers and its particle distribution is much easier to calculate and compare with experimental results. The granules may still suffer from separation over time due to buoyancy effects [14] but they are not subject to coalition as liquid droplets might.
The printing quality of the resin with tray heating and wiper motion was much better than that of resins printed in open mode. The reservoirs however make for difficult containers in which to mix the resin. The cavities and contours make for complex fluid flows. However, given the advantages of using the proprietary reservoir cartridge for printing it cannot be overlooked. Further trials should employ removing the resin from the reservoir, washing it out with IPA and drying it before refilling it with a prepared radioactive resin. This way the resin may be mixed completely, and the reservoir cartridge can still be used to print with the advanced features.
Conclusions
The doped resins were successfully printed using stereolithographic methods. Batch A and Batch D proved to be more uniform mixtures than of Batch B or Batch C, but the mixing numbers suggested that all batches showed a high degree of mixedness. While this work does demonstrate the proof of concept for printing radioactive sources with unique geometries on demand, much more investigation is required to refine the method. The hydrochloric acid matrix, while easy to mix with the resin, has an ill-effect on the plastics the resin trays are made from and encourages dark polymerization in liquid resins. Gold powder would be a less aggressive material, but the results seem to indicate that it was less readily occluded in the cured resin. The rheology of HCl droplets and gold micro granules in resin and were addressed, but not given full treatment. The meso-scale physics of the occlusion of the matrix in the resin must be better understood. While there is good evidence to show that the geometric efficiency of the prints may be characterized, the early results here indicate that more prints with higher are needed to narrow and validate a catalogue of values. Fig. 8 Effect of HCl doped resins on tray integrity. Pristine tray shows little to no warpage or fretting (Left). Damage in the form of degradation after exposure to Batch A for 3 weeks (Center). Warpage in the elastic protection screen after 5 weeks exposure to Batch F (right)
